Introduction
The recent trend of miniaturizing metal-oxide-semiconductor field-effect transistors (MOSFET) has been encouraging thinner gate oxide films. The thickness of films is expected to reach the nanometer range, raising the necessity to accurately measure the thickness of ultrathin SiO2 films. Strenuous research was pursued with the use of such tools as ellipsometry, X-ray reflectivity, X-ray photoelectron spectroscopy (XPS), sectional transmission electron microscopy (TEM), and Rutherford backscattering spectroscopy (RBS), none of which have yet yielded common results. [1] [2] [3] This problem has arisen, in part, due to an immature analysis of the influence that the organic contaminant layer on a thin film surface exerts on the film thickness measurement. In addition, there are several known methods to clean a SiO2 surface in semiconductor processing. In the course of examining the long-term reproducibility of the film thickness measurement, these cleaning methods caught our attention in view as to whether they completely remove the surface organic layer or not.
Our study of the film thickness change through wet-cleaning, as measured by ellipsometry, revealed that the thickness increased by 0.1 -0.2 nm instead of returning to the original, immediately after the oxidation value, indicating that irremovable adsorbates persist on the surface. To elucidate the residual adsorbates, we conducted a highly sensitive measurement of the absorbed species on the surface of an oxidized Si prism. This study employed FTIR-ATR with a Si prism as the waveguide. Figure 1 shows the principle of the FTIR-ATR with a Si prism. The Si prism was cut out of a Cz, p-Si(100) wafer, measuring 76.5 mm by 20.0 mm with a thickness of 0.725 mm. Both ends of the prism were ground after being cut off at an angle of 22.5 degrees. For the FTIR-ATR measurement, we employed a FTIR-8600PC manufactured by Shimadzu Co.
Experimental
For oxidation, Si wafers and prisms were wet-cleaned on their surface, inserted into an infrared oxidation system (RTA-500S manufactured by ULVAC-Riko, Inc.), 4, 5 and heated up to 900˚C in an atmosphere of 100% oxygen under atmospheric pressure. The resulting oxidized film was several nanometers thick.
The pre-oxidized cleaning entailed a process of ozonized ultrapure water rinsing, ultrasonic cleaning in a HF + H2O2 + H2O + surfactant solution, ozonized ultrapure water rinsing, etching with a dilute fluorinated acid solution, and ultrasonic cleaning in ultrapure water. 6 The film thickness was measured with a spectroscopic ellipsometer (GES-5M manufactured by SOPRA). Here, the thickness was calculated by assuming a single layer with a constant refractive index, and thus partly includes the influence of an adsorbate layer.
Sample processing and measurements were conducted entirely in an ultraclean room. The effectiveness of cleaning organic contaminants from silicon dioxide (SiO2) surfaces was studied by conducting highly sensitive measurements using Fourier Transform Infrared Attenuated Total reflectance (FTIR-ATR) with a Si prism as the waveguide. To serve as an example, the surface of the prism was oxidized to an order of a few nanometers. The oxidized Si surface film was allowed to stand in the atmosphere and then wet-cleaned in a repeated manner; subsequently its thickness was measured by ellipsometry. Although, various wet-cleaning methods were tested, they only showed values of 0.1 -0.2 nm larger than, but not equal to, the original thickness immediately after oxidation. FTIR-ATR measurements of the spectral change after exposure to air revealed that organic species, such as C-CH3 and -(CH2)n-, increased with time. Wet-cleaning the sample failed to remove the C-CH3 species, which indicates that they corresponded to the film thickness increment from the original.
Result and Discussion
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and hydrogen peroxide (Method 1), ozonized ultrapure water (Method 2), and a hydrogen peroxide solution (Method 3). These are all known to be effective organic contaminant removal methods in semiconductor processing. 6 In particular, Method 1 is also known as the SPM (sulfuric acid-hydrogen peroxide mixture) method. Three Si wafers were oxidized for their use as samples. The three samples underwent a repeated process of cleaning by the above three respective methods and their exposure to air in a clean room. Figure 2 displays the changes in the film thickness, as measured by ellipsometry. A three-day exposure has a growth of over 0.4 nm. An aging test by another ellipsometry measurement 7 revealed that the atmospheric exposure of a clean SiO2 surface at first thickens the film rapidly; thereafter, the increase is moderated with time.
Si wafers exposed to air for three days underwent the three varieties of cleaning, respectively. Each method reduced the film thickness to reach the near-original, if not completely original, value. Subsequently, the wafers were allowed to stand for 10 days, cleaned, and exposed to air for another three days. The changes in the film thickness are shown in Fig. 2 . All of the methods failed to return the thickness to the post-oxidation state, resulting in 0.1 to 0.2 nm thicker films than the freshly oxidized ones. The cleaning effectiveness slightly varied with the method employed: Methods 1 and 2 were observed to be somewhat more effective than Method 3. These results indicate the existence of adsorbates that cannot be removed entirely by the above-mentioned wet cleaning.
In the FTIR-ATR measurement, an oxidized Si prism was used as the sample, as shown in Fig. 1. Figure 3 exhibits the FTIR-ATR spectral change after exposure of the oxidized film to air. The measurement immediately after oxidation was taken as 0 h, and the data at each elapsed time in the three consecutive days are shown by subtracting from the 0-h value. The spectral change revealed a rising volume of organic species such as C-CH3 (peak A) and -(CH2)n-(peaks B and C). Some previous studies reported a change due to air exposure over time by presenting FTIR-ATR data using a Ge prism. 8 In addition, we measured the surfaces with ellipsometry, which showed a 0.4 nm-range growth from the post-oxidation value.
After being found to be the most effective, Method 1 cleaning was conducted on a Si prism exposed in air for three days. residues on the surface, -(CH2)n-(peaks B and C) species are removable, while most of the C-CH3 (peak A) species remain on the surface. The above results demonstrate that wet-surface cleaning of the oxidized film did not bring the ellipsometric measurements back to the original, post-oxidation value. This can be considered to be due to residual organic species, such as C-CH3, that cover the film surface to a thickness of 0.1 -0.2 nm. Since more quantitative analysis concerning the amount of substance as well as the identification of the absorbed species are desirable, we are planning to pursue further measurements using a combination of temperature-programmed desorption and XPS.
